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ABSTRACT 
Mycorrhizal fungi form a mutualistic relationship with plant 
roots. The fungus receives necessary soluble carbohydrates from the 
host plant root, and the plant benefits from the increased uptake of 
water and minerals via the fungal hyphae. In order to make the 
carbohydrates available, there is some speculation that the fungus may 
also be producing certain compounds to influence the metabolism of the 
host. The fungal symbiont may produce and exude plant hormones, 
specifically gibberellins which act to mediate the hydrolysis of 
starch in the root. Following this rational, I investigated the 
excretion of gibberellin-like compounds by two ectomycorrhizal fungi 
in vitro. I then studied the effects of exogenous application of 
gibberellic acid on a known host. 
The ectomycorrhizal fungi, Pisolithus tinctorius, and Thelephora 
terestris, were grown aseptically in erlenmeyer flasks for three 
months and one month, respectively. The fungal filtrates were 
analyzed for the production of gibberellin-like compounds by 
thin-layer chromatography and the lettuce hypocotyl bioassay. It was 
found that both fungi produced and exuded GA-like substances in vitro. 
Activity for Pisolithus occured at Rfs 0.8, 0.9, and 1.0, with peak 
activity at Rf 0.9. The fungus produced a total of .92 ug gibberellic 
acid equivelents per gram mycellial dry weight. Thelephora produced 
.87 ug/g GA-like compounds at Rfs 0.2 and 0.3. Gibberellic acid 
co-chromatographed with the fungal extracts at Rf 0.3* 
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To look at the effect of gibberellins on Pinus sylvestris, 
one-month-old seedlings were given a biweekly root treatment of either 
0, 1, 10, or 100 ug/1 gibberellic acid. Seedlings were grown in the 
greenhouse under 10,000 lux of supplemental influorescent lighting for 
three months. Treatments did not influence fresh weight, dry weight 
or sugar content in either roots or shoots. Roots and shoots of 
untreated trees contained more starch than those receiving GA3. All 
GA treatments reducecd starch comparably in the roots. Whereas, there 
was a linear reduction in starch with increasing GA concentrations in 
the shoots. GA increased linearly the length of shoots, although 
there was no influence on fresh or dry weight. The lack of 
significant increase of sugar in either roots or shoots may be due to 
increased and uncoupled respiration in the actively growing seedlings. 
It is tentatively proposed that the fungal produced hormone may be 
influencing the production of hydrolytic enzymes in the root which 
lead to breakdown of starch to sugar. 
x 
CHAPTER I 
INTRODUCTION 
The soil has a complex environment that is influenced by among 
other things, different macro-and microorganisms. The 
interrelationships are many and varied, resulting in both positive and 
negative responses (7). Interactions among higher and lower forms of 
plant life make up a large percent of these relationships. Fungi, a 
family of lower plants, contribute significantly to this balance by 
either associating directly with plant roots, or by exuding substances 
that may effect the life of the plant. Conversely, plants maintain 
fungal growth either through symbiosis, or when decomposed, as a 
carbohydrate source for saporphytic fungi. Mycorrhizal fungi are a 
group of organisms that play an intricate role in the dynamics of 
plant life coexistence. This group of fungi form mutualistic 
symbiotic relationships with plant roots. Of the three groups of 
mycorrhizae, ecto-, endo-, and ectendomycorrhizae; the former two are 
the most prevalent (44). Endomycorrhizae infect intracellularly, 
associating with many herbacious plants and some hardwoods (67). 
Ectomycorrhizae infect intercellulary, generally with hardwoods, many 
desiduous and coniferous species (44). The ectendomycorrhizae infect 
the host inter- and intracellularly, and associate with many of the 
same species that ectomycorrhizae do (44). Mycorrhizal fungi are 
ubiquitous throughout the plant kingdom. 
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Mycorrhizal fungi sustain growth by receiving necessary 
carbohydrates from the host plant roots (25). The fungi reoiprocate 
this relationship by stimulating plant growth. The response is 
generally attributed to increased uptake of water and one or several 
limiting and less mobile nutrients (6). The host receives these 
minerals via increased absorptive area contributed by the fungal 
hyphae. 
Although, this is the most widely accepted stimulatory effect of 
the fungus, other factors may be involved to alter the plant’s growth 
and development. Some mycorrhizal organisms produce substances such 
as vitamins and plant hormones (62). Though not primary metabolites 
in the fungus (22), some of these compounds may be having an effect on 
the host. Specifically, fungal-produced plant hormones have been 
implicated in eliciting responses in the host. Different mycorrhizal 
fungi have been found to produce auxins i (63,72) and cytokinins 
(3,13,34,51,53)• There is only one reported case of an 
ectomycorrhizal fungus producing and exuding gibberellin-like 
compounds in vitro The hormone was detected in the mycellium and the 
fungal filtrate. (64). It is interesting to study whether 
gibberellins are produced by mycorrhizal fungi, because of the 
response this hormone can elicit in the host and the fungal symbiont. \ 
This hormone generally has a positive effect on plant growth, usually 
resulting in an increase in shoot length when appied. In mycorrhizal 
relationships the host frequently will increase in shoot length in 
response to fungal infection. Gibberellins are also known to mediate 
the hydrolysis of starch to sugar (74). Fungal produced GA may be 
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acting on the starch in the host plant root, thereby increasing the 
available carbohydrate source of the fungus. One nay speculate that 
hcrncr.es, specifically gibberellins, produced and exuded by the fungal 
synbiont while in association with the host plant, nay be involved in 
the stimulatory effects of infection. 
CHAPTER II 
LITERATURE REVIEW 
>tycorrhizal fungi infect the young, unsuberized roots of the host 
Ectomvcorrhizal fungi invade intercellularly, forming a dense 
network of mycellia between and throughout the epidermal and cortical 
tissue. This is refered to as the Hartig net (67). A thick mycellial 
zsartle forms on the outside of the root increasing the absorptive area 
of the host plant root (44). Endomycorrhizae infect intracellularly. 
The invading hyphae produce enzymes which dissolve portions of the 
cell wall, enabling them to enter (18). No characteristic hyphal 
mantle is produced with endomycorrhizal associations, but hyphae 
protruding into the cell help to maintain reciprocity of the 
symbiosis. The third group of mycorrhizae, ectendomycorrhizae, are a 
combination of both other types of infection. The fungus infects 
inter- and intracellulary, and is usually found on ectomycorrhizal 
hosts (44). All three mycorrhizal groups are limited to the epidermal 
cortical tissues, never infecting the apical meristem or the 
vascular cylinder (44). Frequently, especially in the case of ecto- 
and ectendomycorrhizae, the anatomy of the root is altered. When 
associated, fungus plus short root results in a structure taking the 
place cf the normal plant root (48). 
Some mycorrhizal fungi produce growth regulating compounds. 
Slankis (65), citing the work of Shemakhnanova, revealed the 
4 
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production of various vitamins by the ectomycorrhizal fungi, Boletus 
luteus, B. scaber, B. edulis, and Paxillus involutus. Thiamine, 
biotin, pantothenic acid, and pyridoxine were produced and liberated 
in vitro. Some species of mycorrhizal fungi also produce plant 
hormones (62). Cytokinins, auxins, and gibberellins have all been 
synthesized by mycorrhizal fungi in vitro. Much of the work to date 
has involved ectomycorrhizal fungi because of the difficulty in 
maintaining endcmycorrhizae on artificial media. Endomycorrhizal 
fungi are obligate symbionts, and can not survive in culture without 
the host (18). 3-area and Azcon-Aguilar (3) germinated spores of the 
endomycorrhizal fungus Glomus nosseae on artificial media, and 
analyzed the culture filtrate for growth regulators. The germinating 
spores produced and secreted cytokinin- and gibberellin-like 
substances into the media. They were unable to maintain growth beyond 
germination, indicating that the spores probably had enough 
nourishment to germinate, but a host was necessary to grow and 
survive. 
Ectomycorrhizal fungi can survive and thrive on artificial media, 
facilitating the analyses for plant hormones. Miller (51) was first 
to detect the production of cytokinins by ectomycorrhizal fungi. He 
found Rhizopogan roseolus produced and liberated zeatin and its 
riboside in liquid culture. Since that work other mycorrhizal 
organisms have been shown to produce cytokinins in vitro. Crafts and 
Miller (13) detected the production of cytokinin in in vitro cultures 
of Boletus punctipes and Rhizopogan ochraceorubens. Auxins have also 
been produced in vitro by some ectomycorrhizal fungi. Ulrich (72) 
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detected the production of auxins by ectomycorrhizal fungi in liquid 
cultures. Species of Boletus and Amanita produced IAA in the presence 
of varying quanitities of tryptophan as a precursor. Both species 
also produced auxin without added tryptophan. Slow growing fungi 
required tryptophan in the media to produce IAA. Boletus bovinus 
grown in 100 ml of nutrient solution containing 30 mg/litre 
tryptophan, produced 25 ug of IAA. Gogala, cited by Slankis (64), 
using paper chromatography, showed the production of three indole 
derivitives corresponding to IAA in the fruiting bodies, mycellium, as 
well as the culture medium of Boletus edulis var. pinicolus. 
The interest in fungal produced growth regulators is related to 
the potential influence they may exhibit on the host. Much attention 
has been focused on the peculiar mycorrhizal structures that result 
from infection. Slankis (61) working with exised five month old Pinus 
sylvestris roots was able to induce mycorrhizal-like stumping and 
branching in roots treated with auxin. 200 micrograms of NAA 
inhibited the production of root hairs and caused dichotomous 
branching. He induced branching and swelling with concentrations of 
NAA ranging from 1-70 ug/litre. The auxin-induced structures would 
revert to normal rooting patterns without the addition of more auxin 
every two weeks. Palmer, cited by Slankis (63), was able to cause 
similar responses with the addition of IAA. Attached roots of Pinus 
virginiana exhibited all of the above mentioned responses at IAA 
concentrations ranging from 2-40 PPM. Additionally, he noted that the 
roots exhibited similar cortical cell arrangement and apical meristem 
organization as found in ectomycorrhizal roots. 
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Barnes and Naylor (4), working with aseptic root cultures of 
Pinus serotina grown in the dark, reported decreased root weight when 
treated with 1 PPM of either IAA, NAA, TIBA, kinetin, or gibberellic 
acid. At lower concentrations the auxins, IAA and TIBA, slightly 
stimulated root growth. At 1 PPM, kinetin-treated roots resulted in 
short, dichotomously branched structures similar to mycorrhizae. This 
response was also observed when treated with thiamine, pyridoxine, 
nicotinic acid, or folic acid at concentrations greater than 10 PPM. 
Similarly, the amino acids, glycine, serine, orthinine, citrulline, or 
arginine resulted in mycorrhizal-like structures when treated with 
concentrations greater than 1 PPM. They did not get this response 
with any of the auxins, and concluded that the physiology of 
dicotomous branching in pine roots is quite complex. 
Although no one has yet to prove the transfer of fungal produced 
hormones to the host, investigatory work has not been limited to only 
in vitro conditions. Allen et (1,2) detected differences in 
hormone concentration in plant tissues while associated with the 
fungus. They found increased concentrations of cytokinins in both the 
root and the shoot of endomycorrhizal plants. Higher concentrations 
of gibberellins also occured in the endomycorrhizal shoots, but not in 
the roots. They speculate that the increased hormones in the host may 
be due to either direct fungal production and translocation, or fungal 
stimulated plant production. 
Little work has been done on the production and exudation of 
gibberellin-like compounds by ectomycorrhizal fungi. The only 
reported work was that done by Gogala, cited by Slankis (64). She 
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reported the detection of three gibberellin-like compounds: 
gibberellic acid, a compound thought to be a gibberellin ester, and 
one unidentified compound, produced by the ectomycorrhizal fungus 
Boletus edulis var. pinicolus. These substances were found in the 
fruiting bodies, mycellium, and fungal culture medium. 
It is possible that fungal-produced gibberellin may play a role 
in altering the metabolic processes of the host. One area of 
influence is the acquisition of necessary simple sugars needed to 
sustain fungal growth. Some researchers contend that the plant must 
be producing and accumulating simple sugars prior to the infection 
(25), whereas, others suspect the accumulation is a consequence of the 
infection (27). Meyer (49) implicates fungal-produced hormones as the 
causal factor involved in the accumulation of these sugars. He 
suspects that extraneous auxins may be mediating the promotion of 
starch hydrolysis in the root. It would be advantageous to the fungus 
to produce some substance that would act on starch in the host root in 
some way, thereby increasing its available food source. It is 
possible that something produced by the fungus is mediating the 
accumulation of simple sugars in the root, but not necessarily auxin. 
Gibberellin may be acting in the root similarly as to its action in 
the germinating seed and other plant tissue. In the seed, GA is known 
to mediate the release of alpha-amylase from the aleurone layer into 
the endosperm, causing the hydrolysis of starch to sugar (74). 
Further research concluded that gibberellin in the seed is responsible 
for the de novo synthesis of this enzyme (16). Lee and Rosa (40) 
applied gibberellin*s effect on seed carbohydrate partitioning to 
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other plant tissue. They detected increased amounts of the hydrolytic 
enzyme, alpha-amylase, in gibberellin-treated tobacco leaves. 
Consequently, they observed a significant reduction in starch levels, 
concurrent with an increase in the amount of reducing sugars. 
Gibberellin can also influence many other metabolic systems in 
the plant. Most noted is their effect on shoot growth. Exogenous 
application of GA will cause many plant tissues to increase in length 
(32,33). This response is a result of both cell division and cell 
elongation (32,33,41). Liu and Loy (41) treated dwarf watermelon 
seedlings with 3.2 x 10[-4] M gibberellic acid for an 18 hour period. 
They then prepared cell squashes of the subapical meristem to study 
mitotic divisions. GA treated seedlings resulted in a shorter cycle 
time with a larger percent of cells being induced to divide. A growth 
response was also observed in gibberellin-treated pea seedlings (8). 
Increasing concentrations of GA3 from .01-10.24 micrograms were 
applied to leaflets of the first true leaves. Growth measurements 
were recorded every 4,7,15, and 22 days. The largest increase in 
shoot length occured at 22 days, with very little difference in growth 
at 4 and 7, and significant growth increases at 15 days with all 
concentrations above .01 micrograms. 
Gibberellins may influence physiological events in conifers in 
numerous ways, including: shoot elongation, apical dominance, 
germination, cambial growth and differentiation, and sexual 
differentiation (59). Some previous work on GA application and 
effects on conifer physiology has resulted in negative responses 
(45,15) Marth et al. (45) treated White pine, Virginia pine and 
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Loblolly pine with varying concentrations of gibberellic acid. They 
found very slight or no difference at all between treatments. The 
hormone was applied in a lanolin paste around the stem at 
concentrations ranging from 0.125-1.0 % GA3* Their generally negative 
response may have been due to method of application or concentration 
of hormone applied (59). 
Exogenous application of gibberellins have been responsible for 
increasing shoot growth of various species of conifers. Many 
different parameters are involved to elicit this positive response. 
Bilan and Kemp (5) working with one year old seedlings of Loblolly 
pine showed that differences in shoot growth were related to method of 
application of GA. Those plants that were either totally immersed in 
hormone solution, or only roots immersed, were significantly taller 
than shoot dipped plants. They suspect the failure to stimulate 
growth in the later case was due to reduced foliar penetration because 
of a thick cuticle on mature tissue. 
Glenn (19) investigated the stimulatory effects of daylength and 
gibberellin application. Eight-month-old Cypress seedlings were grown 
under short (four hours) and long (16 hours) days. Weekly GA3 soil 
drench application stimulated shoot growth of both groups. 
Short-day-treated plants were proportionately greater in length than 
long-day plants. Nine month old Ponderosa pine treated with an 
aerated root soak of GA 4/7 also resulted in increased shoot growth. 
The elongation increased with increasing concentrations of hormone, 
but no difference was observed in root dry weight. GA plus ATP 
stimulated growth more than GA alone (28). 
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Reviewing the role of gibberellins on metabolic processes in 
conifers, Pharis and Kuo (59) suspect that endogenous gibberellins 
must play an intricate role in mediating their growth and development. 
A few studies have been done quantifying the amount of endogenous 
gibberellin produced by coniferous plants. Two different species of 
Picea were found to produce gibberellins. Picea sitchensis produced 
40 ng GA3 equivelents/15 grams plant tissue as detected using the 
lettuce hypocotyl bioassay. The needles were further analyzed using 
GC-MS, and found to produce GA9-b-D-glucosyl ester (40). Using GC-MS 
again, gibberellin A9 was identified from extracts of Picea abies 
(50). Approximately 1 ng/g fresh tissue was extracted. These are 
very small quantities of hormone, and any additional gibberellin 
source may have the potential to alter metabolic processes. If the 
raycorrhizal symbiont is indeed producing gibberellins in vitro, it may 
be translocating them while in association with the . host, thus 
eliciting responses similar to exogenous GA application. Production 
of fungal-produced hormones may be vital to the continued positive 
responses of the mycorrhizal symbiotic relationship. 
CHAPTER III 
MATERIALS AND METHODS 
Fungal Culturing and Gibberellin Analysis 
Culturing Procedure 
Starter cultures of Pisolithus tinctorius, isolate 270, and 
Thelephora terestris, isolate 223, were obtained as mycellial-agar 
cultures from Donald Marx, Mycorrhizal Research Institute, Athens, 
Georgia. Prior to culturing the ectomycorrhizal fungi, cultures of 
Fusarium moniliforme were initiated and grown for preliminary fungal 
hormone extraction work. F. moniliforme is the imperfect stage of 
Gibberella fujikuroi, and is known to produce gibberellins in vitro. 
Isolate M-1230 was obtained from the Department of Plant Pathology, 
Buckhout lab, Pennsylvania State University, University Park, 
Pennsylvania. Agar plates containing Potato Dextrose agar (PDA), pH 
6.0, were aseptically inoculated with fungal mycellium using a 
transfer hood. The plates were kept in the dark, at 23 +/- 2 C till 
the mycellial mat covered the whole plate. This took about five days. 
At that time 250 ml erlenmeyer flasks containing 100 ml liquid PDA 
(36) media, pH 6.2, were aseptically inoculated with fungal mycellium. 
The liquid cultures were then grown in the light, at 23 +/- 2 C for 4 
days. The fungal mycellium was then separated from the fungal 
filtrate, and the filtrate was saved for analysis. The extraction 
procedure worked out is the same as was finally used for the 
mycorrhizal fungi, and it is reviewed in Figure 1. Activity was 
12 
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measured using the lettuce hypocotyl bioassay (17), as modified by 
Marino (43). This Fusarium isolate was found to produce GA-like 
compounds in vitro, and the method of culture, extraction, and 
analysis was applied to the fungi in question. 
Ectomycorrhizal fungal cultures were started on six cm agar 
plates containing modified Melin-Norkins media (MMN) (46), pH 6.2, 
according to a modified procedure of Marx (44). Aseptic cultures were 
grown in the dark, at 23 +/- 2 C until a mycellial mat covered the 
whole plate; about 15 days for Thelephora and 30 days for Pisolithus. 
Agar-mycellial disks were cut from the outer two cm periphery of the 
plate using a cork borer 8 mm in diameter. The mycellial disks were 
kept in the dark at 23 +/- 2 C for approximately 24 hours to allow 
hyphae to extend just beyond the edge of the agar plug (55). The 
extension of hyphae just beyond the edge of the plug allows the agar 
plug to float on the surface of the liquid media. One agar-mycellial 
plug was placed in each 250 ml Erlenmeyer flask containing 100 ml MMN 
liquid media, pH 6.4. Both solid and liquid media were sterilized in 
an autoclave at 15 psi for 20 minutes prior to inoculation. 
The liquid cultures were grown as standing cultures, in the dark 
at 23 +/- 2 C. Pisolithus was grown for three months, and Thelephora 
for one month. 
Gibberellin Purification 
Twelve flasks of each fungi were grown. The filtrate from three 
flasks totaling 300 ml were combined, and represented one replication 
Each analysis was replicated four times for each fungi. Liquid 
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cultures of mycellium and filtrate were separated using a Buchner 
funnel. The mycellium was dried 48 hours at 80 C, then weighed. The 
fungal filtrate was purified following the procedure in Figure 1. The 
filtrate was first adjusted to pH 10 with .1 N NaOH. This aqueous 
fraction was partitioned two times against 1/2 volumes of ethyl 
acetate. The ethyl acetate fraction was discarded, and the aqueous 
was adjusted to pH 2.5 with .1 N HCL. The acidic fraction was 
partitioned three times against 1/2 volumes ethyl acetate. The 
aqueous was discarded. The organic fractions were combined and 
reduced under vacuum at 45 C to a volume of 100 ul. To bring the 
extract down to 100 ul, it was first evaporated to approximately 0.1 
ml. This volume was poured into a small flask, and more ethyl acetate 
was used to clean out any remaining extract from the evaporating 
flask. This was then added to the fungal extract, and evaporated down 
to volume under a hood. The final volume was removed using a 
micropipette. Ethyl acetate solvents were distilled twice prior to 
partitioning. 
Chromatography 
Silica gel thin-layer chromatography plates were placed in a 
chromatography tank and run in methanol:water (1:1) to wash. They 
were then placed in a drying oven at 80 C for 30 minutes to activate. 
Each replication of the reduced 100 ul of fungal filtrate was streaked 
across the entire thin-layer plate, and run in isopropyl ether:glacial 
acetic acid (95:5) for 12 cm (54). Plates were dried at room 
temperature for 48 hours. The plates were then divided into ten equal 
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strips representing Rfs, and each were scraped off into five cm petri 
plates. Dishes were dried an additional 24 hours at room temperature. 
Bioassay 
Gibberellin-like activity was determined using the 
lettuce-hypocotyl bioassay (17), as modified by Marino (43).’Paris 
Island Cos’ lettuce seeds (Harris seed company, Rochester, N.Y.) were 
germinated in the dark at +/- 2 C for approximately 24 hours. Ten 
germinated seeds with radicals approximately 3 mm in length were 
selected and placed in the petri dishes containing sections of the 
silica gel plates. Each strip was divided in two sections, and a 
bioassay was run on each half. One ml distilled water was added to 
each dish at the onset of the experiment, and .5 ml more was added 
over the remaining 72 hours. The seeds were grown under 12,000 lux of 
constant fluorescent light at 23 C. After 72 hours, hypocotyl lengths 
were measured to the nearest millimeter. Means for the two halves 
were calculated for each strip, and this value represented the 
hypocotyl lengths for one replication. A bioassay was done on each of 
the four replications, and the results were analyzed statistically 
using the Student’s T test. 
A standard curve was run similar to that described above, with 
each bioassay covering the range of 0-3•33 ug GA3 per dish. Each 
concentration was prepared in duplicate, and calculated as an average 
hypocotyl length. The standard was run concurrently with the 
extracts. 
Aseptic Culturing of Pine Mycorrhizae 
Figure 1. Fungal extract partitioning procedure 
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PURIFICATION PROCEDURE 
pH adjusted to pH 10 using .1 N NaOH 
Vol. partitioned 2x against ethyl acetate (EA) 
Discard organic fraction 
Aqueous adjusted to pH- 2.5 with .1 N HCL 
Partitioned 3x against EA 
Aqueous discarded 
Organic fraction evaporated to 100 ul 
Streak extract across TLC plate 
Eluted for 12 cm in 95:5, etheracetic acid 
Activity analyzed using lettuce hypocotyl bioassay 
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Pinua sylvestris seeds, purchased from F.W. Schmacher Co. 
(Sandwich, MA), were surface sterilized with 30 percent hydrogen 
peroxide solution for 30 minutes, and then soaked in a one percent 
solution at 3 C for 48 hours (70). Seeds were aseptically transfered 
onto agar plates and germinated in the light at room temperature. 
After approximately seven days, non-contaminated germinated seeds were 
aseptically transfered to 500 ml erlenmeyer flasks containing 200 ml 
sterilized vermiculite:peat (10:1) and 150 ml one half strength 
Hoagland’s (29) Nutrient media. The pH after autoclaving at 15 psi 
for one hour was 6.0. The seedlings were cultured according to a 
modified version of Hacskaylo (23). Flasks were plugged with 
sterilized non-absorbent cotton, and covered with foil. The seedlings 
were grown at room temperature under 16 hours artificial fluorescent 
lighting. After one month, the pines were aseptically inoculated with 
fungal mycellium using a transfer hood. One agar-mycellium plug of 
Pisolithus and one of Thelephora were separately placed in each flask. 
Upon inoculation, 50 ml MMN (46) nutrient media was also added. The 
flasks were again maintained under 16 hours artificial light, and 
harvested after three months. The roots were visually analyzed for 
the presence of mycorrhizal structures. 
Culture Methods, Gibberellin Treatments, and Carbohydrate Analysis of 
Pine 
Seedling Germination and Propagation 
Pinus sylvestris seeds used in this study were purchased from 
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F.W. Schumacher Co. (Sandwich,MA), and cultured according to the 
procedure outlined in Figure 2. Seeds were surface sterilized with a 
30 percent hydrogen peroxide solution for 30 minutes, and then soaked 
in a one percent solution at 3 C for 48 hours (70). Using a transfer 
hood, seeds were aseptically transfered onto agar plates to germinate 
in the light at room temperature. Approximately seven days later the 
seeds were removed, and non-contaminated seeds were transfered to 
eight centimeter pots containing sterilized peat:vermiculite (1:1). 
Sterilized sand was spread on top to reduce indigenous contaminates. 
Seedlings were grown in the greenhouse for 15 weeks under 10,000 lux 
of influorescent supplemental lighting for 15 hours from June through 
the first three weeks of August, and 120 hours during the rest of 
August and September. Each pot was fertilized weekly with one half 
strength Hoagland's nutrient solution (29), and watered intermittently 
as needed. The seedlings were grown for three months. 
Gibberellin Treatments and Growth Measurements 
Forty eight plants were divided into three groups of sixteen 
plants each. At biweekly intervals, four plants per replication 
received ml of 1, 10, or 100 PPM GA3 as a soil drench (19). Four 
plants received 50 ml water and served as the controls. Treatments 
were initiated one month after germination and continued for 12 weeks. 
Treatments were arranged on the greenhouse bench in a completely 
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Figure 2. Pine seedling germination, 
gibberellic acid hormone treatment methods. 
propagation, and 
Pine Seedling Culturing Procedures 
Seeds surface sterilized and 
germinated aseptically on agar. 
Propagated in sterilized 1:1, 
peat:verm. Covered with sand. 
Greenhouse grown under supplemental 
mental lighting, July-September. 
Fertilized with 1/2 strength 
Hoagland’s solution weekly. 
After 1 month GA treated: 
(0, 1, 15, 150, PPM GA 3) 50 ml biweekly. 
Shoot measurements recorded biweekly. 
Harvested after 15 weeks 
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randomized design. Shoot growth was measured biweekly. 
Seedling Harvest and Carbohydrate Analyses 
Following three months of treatments roots and shoots were 
separated, and fresh weights were recorded. The plant tissue was then 
dried at 80 C for 48 hours. Dry weights were taken of both roots, and 
shoots. Dried tissue was ground through a Willey mill using a 20 mesh 
screen. Ground tissue was analyzed for carbohydrate content. 
A modified version of Haissig and Dickson (26) carbohydrate 
extraction method was utilized for sugar extraction. The procedure of 
Upmeyer and Roller (72) was utilized for starch extraction. Sugar and 
starch procedures are outlined in Figure 3. Total soluble sugar was 
extracted from a 100 mg sample of tissue using 
metahanol:chloroform:water (12:5:3)• The dried tissue was placed in 
15 ml centrifuge tubes and five mis of solvent was added. Each tube 
was stirred individually and allowed to stand 10 minutes. The tubes 
were then centrifuged at 1800 g for 10 minutes. The supernatent was 
poured off and the extraction was repeated four times. The final 
supernatent was clear. All four supernatents were combined to equal 
20 ml, and the pellet was saved for starch analysis. To remove lipids 
and pigments, 12 ml water was added to the 20 ml supernatent, and a 
clear extract was poured off. This clear extract was brought to a 25 
ml volume. 
Total soluble sugars were measured using the Anthrone reaction 
(75). The Anthrone reagent totaling .4 grams, was dissolved in 100 ml 
sulfuric acid. A .5 ml aliquot was analyzed. Six ml Anthrone was 
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added to 2.5 ml distilled water and .5 ml plant tissue extract 
combined. This was boiled for three minutes, allowed to cool in ice 
water, and analyzed using a spectrophotometer at 620 nm. The plant 
tissue from four plants were combined, and this constituted one 
replication. Each treatment was replicated three times, and 
carbohydrate analyses were performed on each. Analyses were done 
twice on each replication. A standard curve was run concurrently with 
the extracts using known concentrations of glucose. 
After final sugar extraction, the pellets were dried at 27 C for 
24 hours to remove the chloroform. Five ml acetic acid buffer was 
added to each pellet sample, capped, and boiled for 20 minutes to 
gelatinize the starch. The starch was hydrolyzed enzymatically using 
amyloglucosidase (from Rhizopus, avtivity 5-10 unit/mg, Sigma Chemical 
Co., St.Louis). Ten mg of starchwas dissolved in five ml acetic acid 
buffer and added to pellet-buffer sample. Tissue plus enzyme was 
incuvbated at Cfor 48 hours in a shaking hot water bath. Starch was 
analyzed as hydrolyzed glucose units using the glucose-oxidase method 
(26). Glucose-oxidase kits were obtained from Sigma. Five ml 
aliquots of hydrolyzed starch preparation were brought to one ml 
volumes by boiling, and four ml glucostat reagent was added. The 
experiment was run at room temperature for ten minutes. The reaction 
was terminated by adding a few drops of 4 N HCL, and shaking well. 
Glucose was determined using a spectrophotometer at 400 nm. 
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Figure 3. Starch and soluble sugar extraction procedure. 
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CARBOHYDRATE EXTRACTION PROCEDURES 
Total Soluble Sugars S tarch 
100 mg dried tissue 100 mg tissue 
Y 1 
Extracted 4x against solvent: 
MEOH:chloroform:water, 
12:5:3 
r 
Organic phase separated and 
discarded. Clear aqueous 
analyzed 
Y 
Total soluble sugars analyzed 
using Anthrone procedure 
Y 
Gelanatized starch 20 min 
boiling water, in 5ml acetic 
acid buffer 
Y 
5 ml additional buffer plus 
10 mg amyloglucosidase enzyme 
Y 
Incubated 48 hrs. at 55°C 
Y 
Save tissue for starch analysis Starch analyzed using glucose- 
oxidase test 
26 
Known concentrations of glucose were used as a standard, 
analysis was repeated. 
Each 
CHAPTER IV 
RESULTS 
The Production of Gibberellin-like Compounds frog two Mycorrhizal 
Fungi 
The purpose of this experiment was to establish whether either 
mycorrhizal fungi tested produced gibberellin-like compounds in vitro. 
After analyzing the fungal filtrates of both species of fungi, it was 
observed that both did in fact produce these substances. Pisolithus 
produced significant quantities of gibberellin-like compounds at Rfs 
0.8-1.0, (Figure 4). Thelephora produced significant activity at Rfs 
0.2 and 0.3 (Figure 5). Standard solutions of GA3 and GA4/7 were 
co-chronatographed with the fungal extracts, and activity was observed 
at Rfs 0.3 and 0.6, respectively. Statistical analysis was performed 
using the Student's T test. 
Pisolithus produced a denser mvcellial mat than did Thelephora as 
observed in Table 1. Each fungi produced a mat covering the surface 
of the culture vessel, but Pisolithus formed greater dry matter. 
Table 1 also indicates gibberellic acid equivelents for each Rf with 
observed activity. Pisolithus produced the greatest quantity of 
gibberellin-like compounds at Rf 0.9, with .72 ug GA3 equivelents/g 
dry weight mycellium. The total fungal extract for Pisolithus was .92 
ug/g dry mycellium. Thelephora produced the greatest quantity of 
gibberellin-like compounds at Rf 0.2. The total quantity produced at 
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Figure 4. Gibberellin-like activity from filtrates of Pisolithus 
tinctorius. Arrow indicates control response. Striped bars indicate 
significant activity, Rfs 0.9 and 1.0 at the 0.1% level and Rf 0.8 at 
the 1$ level using the Student’s T test. Bars to the right indicate 
hypocotyl elongation with know quantities of gibberellic acid. 
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GA *quiv. 
Figure 5. Gibberellin-like activity from filtrates of Thelephora 
tinctorius. Arrow indicates control hypocotyl response. Striped bars 
indicate significant activity at the level using the Student's T 
test. Bars to the right indicate hypocotyl elongation with know 
quantities of gibberellic acid. 
31 
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Table 1. Production of gibberellic acid equivalents by both Piso- 
lithus tinctorius and Thelephora terestris. Total mycellial dry 
weight is indicated per 300 ml fungal filtrate. 
FUNGI MYCELLIAL DRY WT. (mg)/flask GIBBERELLIC ACID EQUIVALENTS 
Rf pg/g dry wt. 
Pisolithus 10.75 + • 
rH
 (SE) 0.8 .07 
0.9 .72 
1.0 .13 
Total - .92 
Thelephora 7.33 +0.5 (SE) 0.2 .48 
0.3 .39 
Total - .87 
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both Rfs 0.2 and 0.3 was .87 ug GA3 equivelents/g dry weight. All 
equivelents are based on a standard curve of increasing concentrations 
of gibberellic acid which was run concurrently with the extracts. 
Pure Culture Synthesis of Pine Mycorrhizae 
Aseptic cultures of Pinus sylvestris seedlings formed mycorrhizal 
structures when inoculated with either Pisolithus tinctorius or 
Thelephora terestris. A visual examination procedure of Molina (52) 
was utilized. Both fungi formed infections with the aseptically grown 
pine seedlings. Pisolithus resulted in 90.8 % infection, and 
Thelephora 83.3 %• 
The Effect of Exogenous Application of Gibberellic Acid to Pine 
Seedlings 
GA3 was applied to Pinus sylvestris seedlings to determine what 
effect, if any, this may have on different metabolic systems in the 
plant. There was no significant differences observed between 
treatments for total soluble sugars, fresh weight, or dry weight in 
both the roots and the shoots (Tables 2 and 3). There was a decrease 
in starch content with application of gibberellic acid in the roots 
(Figure 6). Analysis of variance indicated a significant difference 
existed between the control (0 concentration GA3) and the other 
treatments at the one percent level. This difference was not observed 
when analysis of variance was performed on all treatments without the 
control. For this reason the Dunnett’s test was utilized to test for 
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significance between means in each of the treatments relative to the 
control, and significance was observed at the one percent level. 
Figure 6 indicates significant differences were observed between 
treatments with shoot starch also. Analysis of variance was 
calculated similarily as mentioned above, and both tests proved 
significant at the one percent level. Regression analysis revealed a 
highly significant relationship exists between all four treatments and 
total starch in the shoots. This linear response is noted by a 
decreasing concentration of starch with an increasing concentration of 
gibberellic acid. The regression was performed by considering each 
concentration a separate entity, and not as absolute values from 
0-100. The log of the gibberellin concentrations are plotted against 
starch content. 
Significance was also observed in shoot length. Analysis of 
variance proved significance at the 5 % level. Regression analysis 
performed, revealed a significant linear relationship between 
treatments. There was an increase in shoot length with an increase in 
GA3 concentration (Figure 7)» Shoot length is also plotted against 
the log of the GA3 concentrations. 
Figure 8 represents growth measurements taken over time for each 
of the treatments. Standard error bars for GA3 concentrations 1-100 
overlap at each measurement, indicating no real differences between 
them. There is no overlap of standard error bars between treated 
plants and the control at 6, 12, 14, and 15 weeks. 
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Table 2. Calculated means for total soluble sugars, starch, fresh 
weight, and dry weight in the roots. Significance between treatments 
was only observed with starch content. 
TREATMENT SUGAR STARCH FRESH WT. DRY VT. 
(PPM) (us/100 mg) (g/plant) 
0 1.00 30.63 .54 .11 
1 .81 10.72 .56 .12 
10 .94 9.58 .49 .13 
100 .74 8.25 .37 .07 
Significance2: 
Analysis of variance NS 
Linear regression 
Quadratic regression 
Cubic regression 
Dunnett's Test 
+++ 
NS 
NS 
NS 
++ 
NS NS 
Significance: 
NS - non 
+ - 5$ 
++ - 1% 
+++ - .1% 
36 
Table 3. Calculated means for total soluble sugars, starch, fresh 
weight, dry weight, and shoot length in the shoots. Significance 
between treatments was observed with starch content and shoot length. 
TREATMENT SUGAR STARCH FRESH WT. DRY WT. LENGTH 
(PPM) (yg/100 mg) (g/plant) (cm) 
0 .67 47.03 1.20 .29 8.43 
1 .60 31.58 1.50 .58 10.01 
10 .63 21.90 1.54 .40 9.78 
100 .60 7.28 1.04 
C
O
 
C
\J • 10.03 
Significance2: 
Analysis of variance NS +++ NS NS + 
Linear regression +++ ++ 
Quadratic regression NS NS 
Cubic regression NS NS 
Significance: 
NS - non 
+ - 5$ 
++ - 1% 
+++ - .1% 
Figure 6. The effect of gibberellic acid treatments, on starch 
content in the roots and the shoots. Linear regression line for shoot 
starch is indicated. 
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Figure 7. 
concentration. 
Shoot length (cm) plotted against gibberellic acid 
The solid line indicates the linear regression line. 
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Yi = 10.45 + ('0.57) Ci 
f 
1 10 100 
ibberellie Acid Concentration (ppm) 
0 
Figure 8 
Standard error 
Shoot length (cm) 
bars are indicated. 
plotted against time in weeks. 
Weeks 
CHAPTER IV 
DISCUSSION 
Production of GA-like Compounds by Ectomycorrhizal Fungi 
There are over 50 different types of gibberellins. These vary in 
degree of polarity depending on the extent of substitution of side 
groups (30). In this investigation both Pisolithus tinctorius and 
Thelephora terestris produced and exuded gibberellin-like compounds 
into the culture media. Each of the fungi appeared to produce 
gibberellins of quite different polarity. Pisolithus produced a more 
polar compound(s) than Thelephora based on mobility on the thin-layer 
chromatography plate. The GA-like compounds of Pisolithus migrated on 
the plate at a much higher Rf than did Thelephora, Rfs 0.8-1.0 versus 
Rfs 0.3 and 0.2, respectively. Thelephora produced a compound(s) that 
migrated to Rf 0.3 on the chromatography plate, the same spot that 
gibberellic acid was eluted off when it was co-chromatographed with 
the fungal extract. It is possible that Thelephora terestris produced 
gibberellic acid in vitro or a substance of similar polarity. 
Different strains of Gibberella fujikuroi, the organism that 
gibberellins were first discovered in, are known to produce the GAs, 
1_4, 7, 9-16, 24, 25, and 36-38 (58). Gibberellin-like substances 
have also been isolated from the sporophores of Agaricus bisporus 
(56). Pegg (58) observed the presense of GA-like compounds in the 
fruiting bodies of Phallus impudicus, Grifola frondosa, and Boletus 
elegans. She used paper chromatography to separate compounds and the 
dwarf corn bioassay to detect activity. Activity was observed at Rf 
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0.55 for P. impudicus, Rf 0.85 for G. frondosa, and Rf 0.55 for B. 
elegans. Boletus edulis is a mycorrhizal fungus. She examined the 
culture filtrates of all three fungi, but no activity was detected. 
Another species of Boletus , B. edulis var. pinicolus has been shown 
to contain gibberellin compounds in the fungal tissue and in the 
culture filtrate. Gibberellic acid was isolated from the fungal media 
(64). 
Effects of Exogenous Application of GA 3 on Pine 
Exogenous application of gibberellin cause many different 
responses in species of conifers (59)• In this experiment, 
applications of gibberellic acid as a root soak caused a significant 
reduction in starch content in both the roots and shoots of Pinus 
sylvestris seedlings. The response differed in both plant parts. All 
three concentrations of gibberellic acid reduced starch comparably in 
the roots (Figure 6). However, in the shoots there was a significant 
linear reduction in starch content (Figure 6). As concentration of 
hormone was increased, starch content decreased. 
This apparent difference between plant tissue may be related to 
the particular plant part that was analyzed. It is generally agreed 
that gibberellins can be produced in the roots (10,20,69). The 
movement of gibberellin in the xylem from the roots has been examined 
in many different plants (10,11). The root has also been found to be 
the site of conversion into active gibberellins. Crozier and Reid 
(14) working with Phaseolus seedlings, found GA 19 was synthesized in 
the shoots, but exported to the roots and converted into GA 1 to be 
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distributed to the rest of the plant. The latter form of GA, was more 
active in the plant. 
Given the significant role that the roots may play in the 
synthesis and metabolism of gibberellins in the plant, it is possible 
that in this experiment the concentrations used were high initially, 
especially if a significant quantity of gibberellin was already 
present in the roots. The shoots might not have had the supply of 
endogenous gibberellin that was present in the roots, and was thus 
effected by the increasing concentration of applied hormone. It is 
also possible that the shoots responded differently due to the method 
of application of hormone. The exogenous hormone was applied as a 
root soak. The gibberellic acid may have acted in the roots, but when 
the hormone was transported to the upper parts of the plant it may 
have been converted to a less active form, and a greater concentration 
of hormone was necessary to elicit a response. Sembdner et al. (60) 
detected GA [8]-glucosidase and GA [3]-glucosidase in the sap of 
hardwoods, elm and Norway spruce. They suggest these less active 
conjugated gibberellins are a storage and transport form. Perhaps the 
gibberellins exist in a conjugated, less active form in the shoots 
continuously. They may exist in the roots in a more active form. 
There 'was no significant difference between treatments in both 
the roots and the shoots in respect to sugar content, fresh weight, or 
dry weight. There was a significant increase in shoot length with 
increasing gibberellin concentration. Since the plants were actively 
growing seedlings, any available sugar might have been be used for 
growth, and there probably would not be any concomitant increase in 
3ugar with a decrease of starch. If the plants did metabolize an 
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increased concentration of sugar due to the breakdown of starch with 
gibberellic acid treatments, this could have been reflected in 
different growth parameters. The only increase in growth was 
reflected in shoot length. The lack of increase in response in either 
the fresh weight or dry weight may be an indication that energy was 
being utilized in respiration, and not partitioned into dry matter. 
The amount of substrate consumed by trees for respiration is a 
considerable fraction of the total food reserve (76). Kinerson (37) 
working with 14 year-old Loblolly pine trees estimated that 58 percent 
of the photosynthates produced were used in respiration. It is 
possible that in this investigation a large percent of the available 
carbohydrates were consumed by respiration based on several factors. 
The tissue was very young, and younger cells respire at a higher rate 
than older (38). Also, the trees were growing in a greenhouse in 
relatively warm conditions. Kinerson (37) found an increase in 
respiration in 14-year-old pines with an increase in temperature from 
10-30 C. Lastly, if the application of gibberellic acid was mediating 
the conversion of starch to sugar, this would have produced an 
increased supply of substrate. When substrate is increased, there is 
an increase in respiration in woody plants (38). 
The alternate cyanide-resistent pathway may also be involved in 
the respiratory actions of the pine seedlings investigated here. This 
alternate respiratory pathway is widespread in many higher plants and 
microorganisms (68). The alternate pathway replaces the last leg of 
normal respiration, the electron transport chain, transforming much of 
the available substrates into heat rather than usable energy. This 
alternate pathway usually comes into play when the cytochrome system 
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is flooded (39). Because these were actively growing seedlings, they 
were probably respiring at a very fast rate. Also, if the gibberelin 
treatments were infact causing the hydrolysis of starch to sugar, the 
seedlings were being supplied with an even greater supply of glucose 
to metabolize. Gibberellic acid treatments may have been mediating 
the hydrolysis of starch to sugar, flooding the normal electron 
transport system, causing the alternate pathway to be activated. 
It is also possible that any effect on fresh or dry weight was 
masked by a fault of the experimental design. There may have been a 
real significant increase in weight with the decrease of starch due to 
gibberellin treatment, but the lack of sufficient replications masked 
the effect. 
Possible Effects of Fungal Produced Hormones on the Host and the 
Fungus 
Ectomycorrhizal fungi need soluble sugars (25). They must obtain 
these compounds from the host. It is plausible to suspect that the 
fungal symbiont produces a substance while in association with the 
host facilitating the production of sugars. If gibberellins are being 
produced by the fungus while in association with the host as they are 
in vitro, this hormone may be promoting the accumulation of soluble 
sugars. The gibberellin may be acting in the root as it does in the 
germinating seed, mediating the production of degradative enzymes 
necessary to hydrolyze starch to sugar. Exogenous application of 
gibberellin causes the de novo synthesis of the hydrolytic enzyme 
alpha-amylase in the germinating seed (16). Proteases (31) and 
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ribonucleases (12) in the seed, have also been shown to increase when 
treated with gibberellic acid. Other GA-treated tissues have also 
been reported to have an effect on enzyme metabolism. Gibberellic 
acid-treated pea internodes resulted in increased enzymatic activity 
(9). Both alpha and beta-fructofuranosidase activity increased in the 
treated pea internodes. Starch phosphorylase was stimulated to a 
lesser extent. There was no increase in activity in either cellulase 
or pectinase. Kaufman et al. (35) working with exised Avena (35) 
stem segments, detected an increase in invertase activity, and a 
concomitant increase in growth in those segments treated with 30uM 
GA3» Tobacco leaves treated with gibberellin also resulted in 
increased concentrations of the enzyme alpha-amylase (39). 
The notion that mycorrhizal fungi may be directing their own 
survival via stimulation of degradative enzymes, is ecologically very 
sound. Meyer (49) contends that mycorrhizal fungi probably produce 
compounds such as hormones because they do not have the same enzymatic 
abilities that saprophytic fungi do. Saprophytic fungi are able to 
produce enzymes that hydrolyze cellulose. Mycorrhizal fungi are 
unable to produce these enzymes, but may be mediating their own 
survival by producing hormones that will direct the production of 
necessary enzymes in the host to sustain fungal growth. 
The host would also probably benefit from fungal produced 
gibberellin. Compounds produced by the fungal synbiont may have an 
effect on the growth and development of the host. Some mycorrhizal 
organisms have been found to produce substances while in association 
with the host that elicit generally positive responses. 
Shemakhanova, cited by Slankis (66), immersed pine seeds in the 
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culture filtrates of Boletus luteus, B. bovinus, Amanita rubescens, 
and of an unidentified mycorrhizal fungus, for three hours. Those 
seeds treated with fungal filtrate prior to sowing were larger in dry- 
weight matter two years after treatment. Slankis surmises that the 
fungal filtrate probably contained a substance(s), prehaps a plant 
hormone, that was able to effect the growth of the plant. The 
stimulatory effect may have been due to initial stimulation of growth 
to produce a more vigorous plant. 
Turner (71) investigated the effect of various culture filtrates 
of different fungi on excised root cultures of Pinus sylvestris. Some 
of the fungi tested stimulated elongation of the exised radicals, 
among them the ectomycorrhizal fungi Amanita muscaria and Boletus 
bovinus. Different mycorrhizal fungi also caused dichotomous 
branching in the pine roots. In order of increasing influence, B. 
bovinus, B. badius, and B. variegatus all induced dichotomy in the 
excised root cultures. 
Greene et al. (21) working with one year old apple trees and 
Pisolithus tinctorius mycellium, were able to affect an increase in 
shoot growth in apples with the application of fungal mycellium upon 
planting. After analyzing the tissue for mineral content, and finding 
no difference between control and treated plants, they surmise that 
the increased growth may be due to substances produced and exuded by 
the fungus. Although, they obtained no infection, the fungal treated 
plants still responded favorably to treatment. 
The fungal symbiont may be producing compounds, particularily 
plant hormones while in association with the host, and by doing so 
would benefit themselves and the host. Whether gibberellins are 
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indeed being produced by either the fungus or the host with infection, 
is yet to be established. It is also necessary to determine whether 
fungal or host produced GA is acting on the starch in the roots 
similarily as exogenous application of gibberellin. Another pertinent 
question still unanswered, is whether exogenous gibberellin is 
actually hydrolyzing the starch in the roots, or just inhibiting the 
synthesis. It seems apparent that fungal or host produced hormones 
may be intricately involved in the dynamics of this symbiotic 
relationship, and could help perpetuate the reciprocal parasitism 
(23). 
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Modified Melin-Norkins Media 
CaCl[2] 0.05 g 
NaCl 0.025 g 
KH[2]P0[4] 0.5 g 
(NH[4])[2]HP0[4] 0.25 g 
MgS0[4] 7H[2]0 0.15 g 
FeCl[3] (1*) 1.2 ml 
Thiamine HCL 100 ul 
Malt Extract 3 g 
Glucose 10 g 
Agar 15 g 
Distilled Water To 1,000 ml 

